Despite the fact that different aspects of visual-motor control mature at different rates and aging is associated with declines in both sensory and motor function, little is known about the relationship between microsaccades and either development or aging. Using a sample of 343 individuals ranging in age from 4 to 66 and a task that has been shown to elicit a high frequency of microsaccades (solving Where's Waldo puzzles), we explored microsaccade frequency and kinematics (main sequence curves) as a function of age. Taking advantage of the large size of our dataset (183,893 saccades), we also address (a) the saccade amplitude limit at which video eye trackers are able to accurately measure microsaccades and (b) the degree and consistency of saccade kinematics at varying amplitudes and directions. Using a modification of the Engbert-Mergenthaler saccade detector, we found that even the smallest amplitude movements (0.25-0.5°) demonstrate basic saccade kinematics. With regard to development and aging, both microsaccade and regular saccade frequency exhibited a very small increase across the life span. Visual search ability, as per many other aspects of visual performance, exhibited a U-shaped function over the lifespan. Finally, both large horizontal and moderate vertical directional biases were detected for all saccade sizes.
Introduction
Even when fixating on a specific object in our environment, our eyes continue to move in the form of small, primarily involuntary eye movements (for review see Martinez-Conde, Macknik, & Hubel, 2004; . Also known as fixational eye movements, they come in three varieties: slow drifts, tremors, and microsaccades. Microsaccades are characterized by rapid, step-like shifts in eye position that are preceded and followed by periods of low eye velocity (Hafed, 2011) .
The list of functions attributed to microsaccades is large and growing. The most widely recognized is counteracting visual fading from retinal and neural adaptation. Briefly, with each microsaccade, the retinal image of a stationary object is shifted to a new location, perhaps several dozen to several hundred photoreceptor widths away (Costela, McCamy, Macknik, Otero-Millan, & Martinez-Conde, 2013; Martinez-Conde, Macknik, Troncoso, & Dyar, 2006; Martinez-Conde, Macknik, Troncoso, & Hubel, 2009; McCamy et al., 2012; Troncoso, Macknik, & Martinez-Conde, 2008) , causing the retinal image to land on an unstimulated region of photoreceptors and keeping the image 'refreshed'. Microsaccades also appear to sharpen the perception of edges (Donner & Hemila, 2007) , improve spatial resolution (Ko, Poletti, & Rucci, 2010) , correct fixation errors related to eye blinks , enhance visibility for peripheral and parafoveal visual targets (Costela et al., 2013; Martinez-Conde et al., 2006; McCamy et al., 2012) , and sample informative regions of natural scenes . Microsaccade dynamics may even offer insight into such states as the viewers attentional level (Engbert & Kliegl, 2003; Yuval-Greenberg, Merriam, & Heeger, 2014) and fatigue (Di Stasi et al., 2013) , as well as indicating target detection and the cognitive demands of the task (Otero-Millan, Troncoso, Macknik, Serrano-Pedraza, & Martinez-Conde, 2008; Siegenthaler et al., 2014) . Thus, not only are microsaccades relevant to the visual system, they may play a more dynamic, nuanced and neurophysiologically connected role than previously thought.
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First described in the mid-1900's, the pace and scope of microsaccade research evolved with each new tool devised for their measurement (e.g. contact-lens lever vs. high-resolution and high-speed video-oculography eye tracking devices and objective microsaccade-detecting algorithms) (Engbert & Kliegl, 2003; Martinez-Conde et al., 2013) . With these developments also came changes in their operationalization and our understanding of their relationship to regular, exploratory saccades. In early studies, ''microsaccade'' referred to extremely small (less than 10-12 arc min, 0.16-0.20°) binocular eye movements and debate concentrated on whether these served any unique purpose for vision (Collewijn & Kowler, 2008; Hafed, 2011) . However, the accepted definitional size of a microsaccade has increased (Martinez-Conde et al., 2009 , such that microsaccades are now generally viewed as sitting at the small amplitude end of a microsaccade-saccade continuum (Ko et al., 2010; Martinez-Conde et al., 2013; Otero-Millan, Schneider, et al., 2013) . For an alternative opinion see Collewijn and Kowler (2008) .
Microsaccades cannot be distinguished from saccades by their magnitude or any other known physical parameter (Otero-Millan et al., 2008) . Both are typically binocular and conjugate, follow what is called the 'main sequence' (a stereotypical relationship between movement amplitude and peak velocity), can be biased by peripheral stimuli, demonstrate visual inhibition, and share timing constraints in terms of triggering and intersaccadic intervals (see Martinez-Conde, Otero-Millan, and Macknik (2013) for a review). At the neuroanatomical level, microsaccade generation appears almost identical to regular saccade generation (Hafed, Goffart, & Krauzlis, 2009; Hafed, Lovejoy, & Krauzlis, 2011) . Rather than constituting a separate class of eye movements, they are believed to serve similar functions as larger saccades but within a narrow region around a point of fixation (Ko et al., 2010; McCamy et al., 2012; Otero-Millan, Schneider, et al., 2013) .
However, this new categorization, or lack thereof, begs the question of how to differentiate, both in theory and for measurement purposes, a microsaccade from a saccade. Martinez-Conde (2006) operationally defined microsaccades as saccades produced ''involuntarily while the subject is attempting to fixate''. Of course, when a person is engaged in a task that requires fixation, most saccades will by definition be microsaccades. However, in studies of free viewing, parameters of saccades during extended periods of fixation have been established in which saccades with a magnitude of 1°or below are considered microsaccades, capturing more than 90% of saccades produced during fixation (Martinez-Conde et al., 2009; Otero-Millan et al., 2008) . In the present study, microsaccades were therefore defined as saccades of less than 1 deg of amplitude, whereas regular saccades were defined as those larger than 1 deg of amplitude.
But while microsaccades are becoming more understood and are known to have many important functions, little is yet known regarding their relationship to either development or aging. This is somewhat surprising considering that different aspects of vision mature at different rates, and aging is associated with declines in both sensory and motor function. However, to the best of our knowledge, there are no studies directly examining either development or aging and microsaccades.
One possible exception to the above statement is a class of eye movements called square-wave jerks (SWJ). Square-wave jerks are the most common form of saccadic intrusion or inappropriate saccades. They are pairs of small horizontal saccades (typically about 0.5°, range 0.1-4.0°) that move the fovea away from the target and then return within 200-400 ms (Leigh & Zee, 2006) . They occur in healthy adults but increase in frequency with neurological diseases such as Parkinsonism and cerebellar ataxias (Leigh & Zee, 2006) . Recent studies have pointed out the numerous similarities between microsaccades and SWJ, arguing that they are closely related, involuntary saccades that utilize the same underlying saccade generator neural circuitry (Gowen et al., 2007; Otero-Millan et al., 2011) .
A handful of studies have examined SWJ in relation to development and aging. Among 38 typically developing children aged 8-19, Salman et al. (2008) reported no correlation between age and SWJ frequency. In 29 healthy adults in two age ranges (mean 32 y/o n = 17 and mean 71 y/o n = 12), Herishanu and Sharpe (1981) found an increase SWJ frequency in the older age group. However, this study was not reproduced by Shallo-Hoffmann, Sendler, and Mühlendyck (1990) , who studied 110 healthy subjects in four age groups (mean 25.1 y/o n = 50, mean 42.5 y/o n = 20, mean 46 y/o n = 20, and mean 76.1 y/o n = 20), finding no difference in SWJ frequency. It thus remains an open question whether SWJ frequency changes with age.
Given the importance of microsaccades to so many functions, and their potential connection to neurological disease, the general lack of understanding as to whether they do or do not change during development and aging represents a significant gap in our understanding. We sought to address this issue within a large-scale, life-span study utilizing current eye tracker technologies and analytical techniques. Our sample included 343 individuals ranging in age from 4 to 66 and employed a task that has been shown to elicit a high frequency of microsaccades, a Where's Waldo search (Otero-Millan et al., 2008) . Our primary aim was to explore microsaccade frequency and kinematics (main sequence curves) as a function of age.
The sheer size of our dataset allowed us to also explore a basic methodological question within the field, namely, the size limits at which eye trackers are able to measure microsaccades accurately. With 183,893 saccades in our dataset, we were able to group saccades into very small bins of both direction and amplitude. We then examined the degree and consistency with which different sizes and directions of saccades fit standard saccade kinematics (e.g., the main sequence).
Materials and methods

Subjects and data collection
We recruited 343 subjects ranging from 4 to 66 years old (mean = 18.3, median = 12.4, mode = 9, 163 female, 180 male) to participate in this cross-sectional study. Subjects included 206 from the 2011 Junior Olympics in New Orleans (an annual gathering of young athletes from across the United States), 109 from the 2011 Monroe County Fair in Indiana, and 28 from the IU School of Optometry. Fig. 6A shows a histogram of our age ranges for the three sites. At both the Junior Olympics and county fair, recruitment took place as part of free vision screenings by the IU School of Optometry. Study data was collected at the same time as the vision screening for subjects who provided consent. Consent forms were obtained for all subjects (children and adults) and all procedures were approved by the Indiana University Institutional Review Board. The vision screenings were open to all ages, and specific age ranges are not targeted. However, due to the nature of vision screenings, parents are more concerned with their children's vision than their own. Adults not accompanied by children were also offered screenings, but few were interested. To bolster our sample of adults, we recruited students, staff, and faculty from the IU School of Optometry, representing a wide age range.
The age ranges from the county fair and Junior Olympics also differ (Fig. 6A) . Though the county fair is popular with all ages, only younger children tend to be accompanied by their parents. Thus it often was not possible to obtain parental consent for older children at the fair. At the Junior Olympics the opposite problem is found in that most sporting events are for older children (though their parents are then readily available). The sports competitions being conducted at the venue we attended include: baton twirling, cheerleading, gymnastics, jump rope, martial arts, strength sports, sport stacking, trampoline, and wrestling. Thus, only by utilizing all three sites was it possible for us to collect a wide range of ages for this lifespan study.
All data collection was conducted in Matlab (The Mathworks) utilizing the Psychophysics toolbox (Brainard, 1997; Pelli, 1997) and Eyelink toolbox (Cornelissen, Peters, & Palmer, 2002) .
Stimuli
Our study task had to meet multiple challenging criteria. First, it needed to elicit a high frequency and adequate range of small and medium eye movements. While more scientifically controllable, less visually and cognitively demanding visual search tasks (such as are found in classic visual search research) have been shown to result in a lower microsaccade frequency (Otero-Millan et al., 2008) compared to a more realistic search task. Second, the task needed to offer a range of difficulty levels in terms of the overall number of competing visual stimuli. Finally, the task needed to be as engaging and accessible to 4-year-olds as it was for 66-year-olds. A selection of Where's Waldo search puzzles met these criteria.
Twenty full-color, 1600 Â 1200 pixel Where's Waldo illustrations by Martin Handford were displayed on a Samsung 213T LCD monitor with a refresh rate of 60 Hz. The illustrations are of highly cluttered scenes with multiple and overlapping distractor elements (including other human figures), each of which contains within it a single instance of the distinctively dressed character called Waldo (who served as the search target). A mouse was placed on the table in front of subjects, who were instructed how to ''play Where's Waldo'' and to ''find the Waldo character and click on him with a mouse.'' After a subject clicked on Waldo, the computer automatically advanced to the next image. The computer advanced the image to the next puzzle regardless of whether the subject actually found Waldo with the computer mouse. If a subject was unable to find the character in 30 s, the trial advanced to the next image. Unfinished puzzles were coded as having taken 30 s to complete. The entire experiment took approximately 10 min to complete.
Puzzle difficulty and ordering
In order to teach young children how to use the mouse and click on the Waldo character, the first two images were not search puzzles but simply the Waldo character on a white background. Thereafter, the images roughly increased in difficulty. Puzzle difficulty level was manipulated by (a) choosing visually simpler versus visually more complex puzzles in the Where's Waldo series, and (b) zooming in and showing only a portion of a puzzle so that Waldo was larger and there were fewer overall distractors in a scene. The final two images were very difficult, such that many participants could not find the character within the 30 s time limit (see Section 3). In order to avoid confusing or frustrating younger participants, causing them to quit, the order of all puzzles was consistent across subjects.
Eye tracking
Eye tracking was performed with an SR Research Eye Link 2000 eye tracker running binocular at 1000 Hz. Using this equipment, subjects sit on an adjustable stool before a regular height table and stabilize the head by resting their chin on a chin rest. For young children the seat height was boosted with a folded heavy cotton drop cloth. We ran the SR Research validation and calibration protocol on all subjects. Ninety percent of people had a ''good'' validation score, meaning that the error of the eye tracker was less than 0.5°at 9 locations. Only those for whom a ''good'' score could be achieved for both eyes were included. In order to reduce corneal drying, the eye tracker was run on the lowest infrared light level setting (50%). Vertical and horizontal eye position data were sampled at 1000 Hz and recorded for subsequent analysis.
Saccades were detected binocular with a modified version of the Engbert and Mergenthaler (2006) saccade detector (see Section 3).
Main sequence
We used a standard main sequence fit to our data for each subject and for the population data (Accardo, Pensiero, Da Pozzo, & Perissutti, 1992; Inchingolo & Spanio, 1985) . The two free terms in the equation yield both a slope and saturation term:
where V p is the peak velocity of all the saccades, A is saccade amplitude all of the saccades, a is the saturation of the curve and b is the slope. All analyses were conducted in custom written Matlab (The Mathworks) code.
Saccade frequency and age
Fig. 7 analyzes microsaccade frequency and regular saccade frequency as a function of age. As can be seen in the individual data points in Fig. 7A , we have many more young subjects than adults. The binned numbers are in Fig. 7B . This is a result of our experiments being done at vision screenings (discussed above). This unbalance could break the assumption of homoscedasticity (i.e., that the variance of the residuals is constant across observations) in our linear regression analysis. We therefore conducted three additional procedures. First, we performed a Koenker modified version of the Breusch-Pagan test on the residuals of the regression analysis (Breusch & Pagan, 1979; Koenker, 1981) to test whether variance of the residuals is linearly dependent on the values of the independent variables (age). Second, we performed White's test of homoscedasticity on the residuals of the regression (White, 1980) , which is a nonlinear test of homoscedasticity. Finally, we performed a sub-sampling/resampling technique (described in more detail in Section 3).
Results
Saccade binning
We began by binning saccades into groups of 36 directions and 12 amplitudes. The 36 direction bins were in 10°increments from 0°< Sac Dir 6 10°through 350°< Sac Dir 6 360°. The saccade amplitude (SA) bins were: (A) 0°< SA 6 0.25°; (B) 0.25°< SA 6 0.50°; (C) 0.50°< SA 6 0.80°; (D) 0.80°< SA 6 1.0°; (E) 1.0°< SA 6 1.5°; (F) 1.5°< SA 6 2.0°; (G) 2.0°< SA 6 3.0°; (H) 3.0°< SA 6 5.0°; (I) 5.0°< SA 6 8.0°; (J) 8.0°< SA 6 10.0°; (K) 10.0°< SA 6 12.0°; (L) 12.0°< SA 6 16.0°. Thus, the saccade detection analysis fell into 432 bins (36 Â 12).
Saccade detection analysis
For the detection of saccades (both large and small) we initially used the saccade detection algorithm of Engbert and Mergenthaler (2006) , which has two parameters (velocity threshold and duration threshold). We used a velocity threshold of 9 pixels/s (0.15°/s) and a duration threshold of 9 ms, though many other parameters were also tried, producing similar results. Fig. 1 plots the individual saccades (plus the mean in bold) as detected by the EngbertMergenthaler saccade detector (2006) for the horizontal direction (0-10°) for the 12 amplitude bins. Since these are effectively horizontal rightward saccades, only horizontal eye position is plotted. The Engbert-Mergenthaler saccade detector does a nearly flawless job of detecting saccades larger than 1.5°. However, within the smaller saccade bins, a certain number of eye traces are identified as saccades that do not meet the standard definition (Fig. 1, red  ovals) . The problem lies in the fact that the eye is in motion both before and after the saccade. To increase the likelihood of capturing only saccades, we modified the Engbert-Mergenthaler saccade detector by adding a third parameter, namely requiring the eye to be within a positional window (thus at rest) for 20 ms before a saccade. We found a positional window of 15 pixels or 0.25°w orked well. In other-words, the eye had to remain within a ± 0.25°X-Y positional window for 20 ms for a detected saccade (micro or traditional) to be considered acceptable. Fig. 2 presents the same saccade data as Fig. 1 , but now using the Port-modified Engbert-Mergenthaler saccade detector. We chose a ± 0.25°X-Y positional window because that minimized signal contamination. The Port-modified Engbert-Mergenthaler saccade detector was then used for the remainder of the analyses. It has been uploaded to the Mathworks' File-Central website for free distribution.
3.3. Measurement accuracy of the video-eye tracker for microsaccades As an aside, these figures also reinforce the fact that the Where's Waldo task elicits a large number of saccades in the 1-3°amplitude range. The nature of the task probably underlies this in that subjects are searching for a target within a high spatial frequency background (McCamy, Otero-Millan, Di Stasi, Macknik, & Martinez-Conde, 2014) . Fig. 3C also utilizes the entire sample of saccades, this time plotting the main sequence (amplitude versus saccadic peak velocity). Fig. 3D provides a zoomed-in view of the smaller saccades only (less than 2 degrees amplitude). For both C and D, the magenta line is the main sequence fit through the saccades (see methods). The function adequately captures the data in C and D, demonstrating even with this very large sample that the main sequence is a continuous function for small and large saccades. figure) . The blue lines represent horizontal eye position, whereas the orange lines represent vertical eye position. When a person is making a horizontal saccade, a horizontal pulse is seen while a vertical one is not, and vice versa. Thus, the Port-modified Engbert-Mergenthaler saccade detector is accurately capturing all saccades in the data set, even small ones. Fig. 5A and B show that, in this natural search task, the manner in which people made saccades was not uniform in direction. Rather, there was a large horizontal and noticeable vertical saccade direction distribution bias. Fig. 5A plots this bias as a polar histogram, whereas Fig. 5B uses a traditional histogram. We note that the smallest amplitude saccades mirror the bias evident in larger saccades. 
Microsaccades and aging
Fig . 6A shows the age ranges of our subjects at the three data collection sites. To evaluate changes in microsaccadic activity by age, we began by examining the speed with which puzzles were completed. We then looked at saccade frequency and age, saccade frequency and task difficulty, and the main sequence analysis by age.
Puzzle solution time
As previously described, we attempted to make the puzzles increase in difficulty as subjects progressed through the experiment. We also kept them in the same order of presentation (increasing difficulty) for all subjects so as to prevent the youngest participants from getting overly frustrated early in the experiment. Fig. 6B shows the average amount of time needed to solve each puzzle. As is clear from this figure, our assumptions about difficulty were incorrect, as, for example, puzzle 17 took longer on average to complete than puzzle 20, and puzzle 4 was easier than puzzle 1. Indeed, puzzle 17 proved to be extremely difficult, such that only about 20% of subjects were able to find Waldo within the 30 s allotted. Nevertheless, the puzzles demonstrated a good and relatively smooth range overall in terms of the average time taken to complete. Very few subjects quit before attempting all 20 puzzles (fewer than 10) of whom all were from the youngest age group. These individuals were not included in the data set. Puzzle order in Fig. 6B was sorted by puzzle solution time for the analysis in Fig. 7G and H. 
Puzzle solution time and age
Fig . 6C shows the mean puzzle solution time per subject plotted as a function of age. Unfinished puzzles were included as having taken 30 s (the maximum time allowed before the next puzzle was presented) to complete. A clear 'U' shape function is seen, with the minimum average puzzle solution time (peak speed) at around 20 years of age. It is worth noting that while the youngest and oldest subjects were slower at finding Waldo, all ages could clearly do the task. The different shape symbols represent our three data collection sites.
Saccade frequency and age
IIn Fig. 7A , saccade frequency is plotted as a function of subject age for micro and regular saccades, orange and cyan points, respectively. The solid lines in Fig. 7A are linear regressions through the individual subject points. Whereas the F-test for the regression analysis is significant for both data sets, the slope for both is quite small, meaning the relationship between age and saccade frequency is subtle. A Spearman correlation for each was also calculated and is displayed in the figure. A two-factor ANOVA (Fig. 7A ) was conducted and significant effects of both age and experimental site was found, indicating that something about our experimental sites (beyond age) might be having an effect on saccade frequency.
As can be seen Fig. 7A , we have many more children than adults in our study (see methods). To examine the assumption of homoscedasticity, several tests were run. The Breusch-Pagan test and White's test were both non-significant, indicating the null hypothesis of homoscedasticity cannot be rejected (Breusch & Pagan, 1979; Koenker, 1981; White, 1980) . Fig. 7B shows the same data binned into 10-year age groups for clarity. For both micro and regular saccades, saccade frequency increased slightly but significantly as a function of age. The number of subjects in each bin is listed on Fig. 7B , highlighting the larger number of children in this study.
Another way to address the asymmetric sample sizes across our age ranges is to (a) randomly sub-sample our young subjects, (b) perform the linear regression on the more balanced data set, and (c) repeat this procedure 20,000 times. Fig. 7C shows a random Fig. 3D ) a zoomed-in version of (C), focusing on the main sequence analysis of microsaccades.
example of this sub-sample analysis. In this analysis we randomly selected 20 subjects from the first three data bins in Fig. 7B (age groups: 0-9, 10-19, 20-29). We then used all the data in our older age groups (30-39, 40-49, 50+), meaning the data from the old groups were not sub-sampled. A regression analysis was then performed on this sub-sampled data set for both micro-saccades and regular saccades (Fig. 7C) . This procedure was then repeated with replacement 20,000 times. Fig. 7D shows the range of b 0 regression intercepts. Fig. 7E shows the range b 1 slopes of the 20,000 sub-sampled regressions, illustrating the small yet stable slopes of saccade frequency changing with age. Finally, Fig. 7F shows the resampled regressions were significant $90% of the time for microsaccades, and 92% of the time for regular saccades. We note that the subsampled regressions have only 112 subjects in each regression, and thus have reduced statistical power in comparison to our original regressions in Fig. 7A with 343 subjects.
Saccade frequency and task difficulty
Our search task had a range of difficulty (in the time allotted) from very easy to nearly impossible (see Fig. 6B ). For both micro (Fig. 7G) and regular (Fig. 7H) saccades, there is a linear increase in saccade frequency with task difficulty. That is, as the task became more difficult, subjects made more micro and regular saccades per second. 3.4.5. Age and peak velocity Fig. 8 explores the relationship between subject age and saccade kinematics. First, we calculated the main sequence function through the data set for every subject individually to see if it varied by age. Fig. 8A shows the main sequence function for all 343 subjects, color coded by age (youngest in blue to oldest in red). Just looking at this figure, it appears that older subjects have, on average, a higher peak velocity per saccade amplitude than younger subjects. We then plotted the b-slope term as a function of age for each subject (Fig. 8B) . The different shape symbols represent our three data collection sites. Shown in this way, we find a minor increase in slope as a function age. However, there was not a significant increase in the a-saturation term as a function of age (Fig. 8C) . Fig. 8D splits Fig. 8A apart by amplitude size, using the same bins as used throughout the paper. Here we find that, for all but the smallest amplitudes, there is a weak but significant function of age and peak velocity.
Discussion
Conclusions: We studied the micro and regular saccades made by 343 subjects across the lifespan (4-66 y/o) as they solved Where's Waldo puzzles. The purpose of our study was to measure how development and aging effects (1) microsaccade and regular saccade frequency, (2) visual search performance, and (3) saccade main sequence kinematics. We found: (A) microsaccade and regular saccade frequency increases slightly with age during Where's Waldo visual search, (B) Where's Waldo puzzle solution time follows a U-shaped function across our lifespan of ages (4-66 years old), (C) saccade directions while solving Where's Waldo puzzles show a strong horizontal and weak vertical bias for saccades of all amplitudes, (D) microsaccade and regular saccade main sequence kinematics follow a single function, and (E) there is a small change in main sequence kinematics as a function of age across the life span.
Between von Helmholtz's (1867) landmark Treatise on Physiological Optics Vol. 3, in which he identified and speculated on the purpose of these ''wandering[s] of the eye,'' the techniques, tools and definitions used in studying microsaccades have evolved significantly. Adler and Fliegelman (1934) were the first to develop a form of the contact-lens optical-lever eye tracker, in which a mirror is directly adhered to the limbus for short periods of time and optical slits of light are recorded on a moving bromide paper electrocardiographic camera. The rapid shifts (coined microsaccades by Zuber, Stark, & Cook, 1965) they observed occurred about 1 per second and were 17 arc min and 12 arc min in size (0.28°and 0.20°, respectively). This work was later confirmed by a number of contact-lens optical-lever eye movement recordings during the late 1940s through early 1970s (Boyce, 1967; Ditchburn & Foley-Fisher, 1967; Ditchburn & Ginsborg, 1952 , 1953 Lord, 1951; Lord & Wright, 1948; Ratliff & Riggs, 1950; Steinman, 1965; Steinman, Cunitz, Timberlake, & Herman, 1967; Steinman, Haddad, Skavenski, & Wyman, 1973; Zuber et al., 1965) . Throughout this period, the accepted size of a microsaccade varied, but most used a range of 2-25 min of arc (0.03-0.41°). For review see Martinez-Conde, Macknik, and Hubel (2004) . The resurgence of interest in microsaccades since about 2000 is due in part to the development of non-invasive, commercial high speed (500-1000 Hz) and high spatial resolution (0.01°) eye trackers, which allow easier and much lengthier study of microsaccades in humans (Engbert & Kliegl, 2003; Hafed & Clark, 2002; Martinez-Conde et al., 2006 Rucci, Iovin, Poletti, & Santini, 2007; Yuval-Greenberg et al., 2014) . Nevertheless, all video eye tracker based studies, including this one, have a similar limitation, namely, only microsaccades down to 12 min of arc (0.2°) can be detected. Like others, we used a range of 0.2-1°as our definition, which represents only the upper range of the microsaccades that were studied via the early contact-lens optical-lever method of eye movement recordings.
Despite this limitation, all the studies to date examining the main sequence relationship of saccade velocity to saccade amplitude for micro and regular saccades have found a singular continuum (Hafed & Clark, 2002; Otero-Millan et al., 2008; Otero-Millan, Schneider, et al., 2013; Zuber et al., 1965) . This has led many authors to conclude microsaccades are controlled by the same underlying saccadic generator and are simply small saccades, with larger saccades being more voluntary and smaller saccades being less voluntary. Neurophysiological studies also suggest that the same singular saccade generator circuit controls large, small, and microsaccades (Hafed et al., 2009 ). Our study expands on this by showing that children and adults of all ages produce microsaccades at about the same rate during visual search tasks. In other words, both microsaccades and traditional saccades look fairly similar across the life span (from age 4 to 66). Further study would be required to see how this applies to babies and toddlers.
Non-uniform distribution of saccade directions
In this experiment, the Waldo character search targets were approximately randomly distributed across the computer screen, thus there was no a priori location a target might be found. The drawings also had very limited organization without a horizon line or any grid-like pattern. Yet, we found a strong non-uniform distribution of saccade directions for saccades of all sizes along the horizontal axis, and a weaker secondary bias along the vertical axis (Fig. 5) . A strong horizontal and weak vertical saccade directional bias in visual search has been reported in the literature repeatedly (Brandt, 1945; Crundall & Underwood, 1998; Foulsham & Kingstone, 2010; Foulsham, Kingstone, & Underwood, 2008; Gilchrist & Harvey, 2006) . In a study by Najemnik and Geisler (2008) , search target locations were carefully arranged uniformly across the working space. In addition, a small sinusoidal patch stimulus was masked by naturalistic noise, making the stimulus difficult to find. Subjects had a large horizontal and small vertical bias to the saccades they produced. Foulsham, Kingstone, & Underwood, 2008 systemically influenced the bias by rotating natural images with a horizon line on a computer screen. The horizontal and vertical saccade direction bias rotated with the image, demonstrating natural images with a horizon line strongly influence the saccade direction bias. Foulsham and Kingstone (2010) then compared natural images with a horizon line with fractal images without a horizon line or any horizontal or vertical organization. They found rotating the fractal images did not change subject saccade direction bias, whereas rotating the natural images with a horizon line did rotate the saccade direction bias. Our results confirm and expand on these studies: we find saccade direction bias for saccades of all sizes, thus, our finding lends further support to the contention that microsaccades and traditionally sized saccades are controlled and produced by the same saccade generator brain circuit.
Microsaccades and aging
Numerous papers have examined the effects of aging on saccades. In regard to peak velocity and aging the findings are mixed, with some papers reporting a decrease in peak saccadic velocity with age (Bono et al., 1996; Fioravanti, Inchingolo, Pensiero, & Spanio, 1995; Moschner & Baloh, 1994; Pitt & Rawles, 1988; Spooner, Sakala, & Baloh, 1980; Sweeney, Rosano, Berman, & Luna, 2001; Tedeschi et al., 1989; Warabi, Kase, & Kato, 1984; Wilson, Glue, Ball, & Nutt, 1993) and others reporting no effect of age (Munoz, Broughton, Goldring, & Armstrong, 1998) . These papers, however, examined specific subsets of ages and saccade amplitudes, and/or included a relatively small number of subjects (e.g. $20 to $60).
Five papers have studied the effect of age on the main sequence in visual guided horizontal saccade tasks. Henriksson et al. (1980) found no effect of age on peak saccadic velocity in their 20 subjects, although they did not fit the standard exponential function to each subject, but rather divided the data into three age ranges (32, 44.5, 66 y/o). Similarly, Abel, Troost, and Dell'Osso (1983) found no effect of age on their main sequence fits through their 23 young (26 y/o) and 11 older subjects (72 y/o). Sharpe and Zackon (1987) found a barely measurable decrease in asymptotic peak saccadic velocity in their 36 subjects pooled into 3 age ranges (25, 50, and 77 y/o). Finally, Fioravanti et al. (1995) found their 12 young subjects (9 y/o) to have faster asymptotic peak saccadic velocities than 4 adults ($31 y/o).
The paper most comparable to ours in terms of the number of subjects and analytic approach is by Irving et al. (2006) . They studied 195 subjects aged 3 to 86 during visual guided horizontal saccades with stimuli ranging from 1°to 60°in amplitude. They found a U-shaped function of asymptotic peak velocity, with peak velocity increasing through childhood, peaking in the teenage years, and declining in people 30 and above. While the results are not compatible with ours, there are several differences between the studies, namely: (a) our task was visual search in comparison to a visual guided saccade, (b) our task was 2-dimensional in comparison to only horizontal saccade, and (c) we studied saccades in an amplitude range of 0.2°to $30°in comparison to a saccade amplitude range of 1-60°.
In terms of aging and saccade kinematics, then, the literature does not yet provide a clear picture. Since the main sequence can vary by a factor of 2 between individuals within the same age range (Abel, Troost, & Dell'Osso, 1983) , a large sample size when studying eye movements over a range of saccade amplitudes is ideal. Then too, early research was based EOG (extraoculargram), which had limited spatial resolution and high variability, while more recent literature is based on more reliable and high precision video-based eye trackers. Our study thus makes a significant contribution to the ocular motor literature with a very large subject pool; namely development and aging has only the smallest and subtlest of effects on eye kinematics and the main sequence relationship. Additional studies using a similar sample size will be needed for confirmation or disconfirmation.
Microsaccade frequency
Our results demonstrate a small increase in micro-saccade and regular-saccade frequency with age. Many things change in the visual system and nervous system generally with age. Several of these changes could account for some or the entire small increases in saccade frequency we observed.
Contrast sensitivity during development and aging
Measuring a subject's contrast sensitivity function is a classic tool for measuring foveal vision. During human development, contrast sensitivity improves with age, becoming adult-like around age 8-9 years old (Adams & Courage, 2002; Bradley & Freeman, 1982; Ellemberg, Lewis, Liu, & Maurer, 1999) . On the other end of the lifespan, contrast sensitivity declines with normal aging, for reasons both optical (due to age-related miosis and changes to optical media) (Burton, Owsley, & Sloane, 1993; Hemenger, 1984; Owsley, Sekuler, & Siemsen, 1983; Sloane, Owsley, & Alvarez, 1988; Sturr, Church, & Taub, 1988; Wright & Drasdo, 1985) and neural in nature (Elliott, 1987; Elliott, Whitaker, & MacVeigh, 1990; Jay, Mammo, & Allan, 1987; Morrison & McGrath, 1985; Spear, 1993; Weale, 1975) . It is worth noting that the literature on contrast sensitivity and aging focuses primarily on comparisons between young adults and senior citizens in their 7th plus decade of life. There are no large subject pool, cross-sectional studies across the life span. However, it does seem reasonable to believe contrast sensitivity may be slowly degrading throughout life, such that the visual system may increase saccades during visual search in order to make up for the reduced visual input and visual processing.
Visual search and aging
Searching for an object in a visual scene has been intensely studied over the past 50 years as part of the larger field of visual-spatial attention. Early studies reported that visual search improves during childhood (Day, 1978; Gibson & Yonas, 1966a , 1966b Miller, 1973; Vurpillot, 1968) and declines with age, beginning after early adulthood (Kline et al., 1992; Kosnik, Winslow, Kline, Rasinski, & Sekuler, 1988; Plude & Hoyer, 1981; Rabbitt, 1965) .
Since the pioneering work of Treisman and Gelade (1980) , visual search has been broken down into two types: (1) feature-search in which the target and distractors are maximally different, and (2) conjunction-search in which the target and distractors share multiple properties. The Where's Waldo books are an example of conjunction search in that the observer must scan the stimuli to find the target among distractors. In this and other conjunction search tasks, response time scales with the number of distractors and it is generally thought to be a serial process. In all studies of childhood development, both conjunctive and feature search performance improves (shorter reaction times) with age into early adulthood (Lobaugh, Cole, & Rovet, 1998; Merrill & Conners, 2013; Ruskin & Kaye, 1990; Thompson & Massaro, 1989) , while studies with older subjects show declines with age (Amenedo, Lorenzo-Lopez, & Pazo-Alvarez, 2012; Bennett, Motes, Rao, & Rypma, 2012; Burton-Danner, Owsley, & Jackson, 2001; Cosman, Lees, Lee, Rizzo, & Vecera, 2012; Foster, Behrmann, & Stuss, 1995; Muller-Oehring, Schulte, Rohlfing, Pfefferbaum, & Sullivan, 2013; Potter, Grealy, Elliott, & Andres, 2012) . Taken together, these studies suggest that performance on search tasks exhibits a U-shaped function over the lifespan.
Two previous studies have specifically examined visual search performance across the life span (e.g., young childhood to seniors). Trick and Enns (1998) studied 114 subjects in 5 age groups (6, 8, 10, 22 , and 72 y/o). The authors report an improvement in feature-and conjunction-search through childhood, followed by a best performance in the young adult group (22 y/o), and then a decline in search performance in the senior group (72 y/o). Likewise, Hommel, Li, and Li (2004) , in their lifespan (6-89 y/o) study of 298 subjects, reported feature-search improves during development, asymptotes around age 22, and then declines with age.
The U-shaped, age-related function we found closely resembles both these two studies and the trends suggested by numerous previous non-lifespan studies. U-shaped functions are fairly common in the life-span human-performance literature, including inhibitory control (Williams, Ponesse, Schachar, Logan, & Tannock, 1999) , task-switching (Cepeda, Kramer, & Gonzalez de Sather, 2001) , and information-processing speed (Cerella & Hale, 1994; Kail & Salthouse, 1994) .
